A field evaluation of the Filterra ® Stormwater Bioretention Filtration System was performed to: 1) determine removal efficiency information based on field data, which is inherently more variable than laboratory data, and 2) compare the observed field efficiency with the efficiency determined in the laboratory. Inlet and outlet pollutant concentrations from a Standard 6' × 6' Filterra ® System (manufactured by the Filterra Division of Americast, Inc.) were monitored between October 19, 2004 and November 22, 2005. The pollutants of interest were total suspended solids (TSS), total phosphorus (TP), total Kjeldahl nitrogen (TKN), and the heavy metals cadmium, copper, lead and zinc. Monitoring data were then evaluated to determine appropriate efficiency ratios. Raw data were first evaluated to determine if they were normally distributed. If so, the efficiency ratio was determined based on the event mean concentrations (EMCs) of the influent and effluent samples. If the raw data were not normally distributed, the efficiency ratio was calculated using the EMCs. Results show the following average efficiency ratios: TSS 85%; TP 55%; TKN 20%; Cu 16%, and Zn 50%. Statistical significance and seasonal variations of the removal efficiency were also examined.
INTRODUCTION
The Filterra (a registered trademark of Americast Inc.) technology is an innovative and unique stormwater best management practice (BMP). The Filterra treatment system consists of a patented soil filter media placed in a concrete container. The media are planted with upland vegetation. A mulch layer is placed on the filter media, and infiltrated water is removed via an underdrain system. The Filterra system uses various physical, chemical and biological pollutant removal mechanisms to treat contaminants normally found in stormwater runoff.
The Filterra system is an example of a filtration stormwater BMP. Such filtration systems remove pollutants via a variety of processes. Primary pollutant removal processes include sedimentation, adsorption and absorption. Secondary pollutant removal processes include volatilization and biological processes such as nutrient assimilation, nitrification and denitrification. If filtration systems are open to permeable underlying soils, filtration of the pollutants into the underlying soils can be a pollutant removal pathway.
A scaled model of the Filterra system was tested at the Civil Engineering Laboratory of the University of Virginia during [2000] [2001] . With a design size of 0.33% of the drainage area, the filter system was found to provide maximum pollutant removal rates of 95% for total suspended solids (TSS), 82% for total phosphorus (TP), 76% for total nitrogen (TN), and 91% for copper. That study recommended a fieldscale test of the Filterra system.
Field studies are needed to verify the laboratory results and to examine the maintenance requirements for the Filterra system. Certain regulatory agencies require that field-monitoring system performance be evaluated under real storm conditions. Consequently, the objectives of the field study were to (1) verify the pollutant removal capabilities, in terms of efficiencies and annual load reduction, for selected pollutants, (2) verify filter media flow rates and annual volume of runoff treated by the system, and (3) demonstrate and document the operation and maintenance requirements and cost of the system.
The Filterra system was installed in October 2004. The system was initially stabilized by introducing water from a nearby fire hydrant. Several pore volumes of water were passed through the system to accelerate the natural process of eliminating the fine particles from the bioretention media, and at which time the inflow and outflow weirs (see further discussion, below) were calibrated for flow.
Stormwater 
METHODS AND ANALYSIS

Site Selection
After examining several candidate sites in Northern Virginia, a site at the James Lee Community Center near the Jefferson Village neighborhood of Falls Church, Virginia was selected for the field evaluation of the Filterra unit. The unit was installed at a parking lot in front of the Center's Administration Building. It was anticipated that the parking lot will receive sufficient use to ensure that the pollutant loads generated (sediment, phosphorous, nitrogen, oil and grease, heavy metals, trash and debris) will be typical of any parking lot with light to moderate activity.
The ). The parking area and the brick entranceway to the James Lee Center were the only impervious surfaces directly connected to the Filterra system; the sidewalk discharged into the grassy area that formed the small lawn in front of the main entrance to the James Lee Center. Center parking lot where the Filterra system was installed and the automatic samplers used for the monitoring work.
Pollutant/Flow Monitoring System
The pollutant/volume monitoring system consisted of a sharp-crested weir in the inlet and a "V"-notched weir at the outlet. Samples were collected by two Sigma 900 MAX automatic samplers. Figure 2 shows a schematic drawing of the sampling system.
Testing Protocol and Procedures
The testing protocol generally followed the uniform criteria and procedures adopted by multi-state Technology Acceptance and Reciprocity Partnership (TARP). The TARP is a workgroup of the Environmental Council of States, with representation by the States of Maryland, New Jersey, California, Illinois, Massachusetts, New York, Pennsylvania and Virginia. The workgroup, formally agreed upon by the Environmental Commissioners/Secretaries of the TARP States, was formed to promote the reciprocal evaluation, acceptance and approval of environmental technologies. The goal of the TARP is to develop uniform data collection relevant to approving or permitting environmental technologies.
Flows and pollutant concentrations were measured at the inlet to and outlet from the Filterra unit during each storm event. A Sigma tipping bucket Rain Gauge Model 2149 was used to measure the total rainfall. This information was used to calculate the total volume of runoff generated in the drainage area. The rain gauge was attached to the inlet automatic sampler and was set to continuously record rainfall in 1-min interval. Flow-weighted composite samples of water quality were obtained and then used to determine the event mean concentration (EMC) of a pollutant.
The automatic samplers were loaded at least 6 h prior to an anticipated precipitation event. The sample bottles were 1-L nalgene. All bottles and caps were washed with phosphorus-free detergent, rinsed with HCl, and rinsed with de-ionized water. The sample collection schedule was set up so that three "initial flush" samples were taken at 5-min intervals. The remaining anticipated duration of rainfall was divided by 21 to determine the remaining within-storm sampling interval for the inlet sampler. In general, four or five hours were added to the anticipated precipitation duration for the calculation of the within-storm sampling interval for the outlet sampler. This additional time was to allow the Filterra unit to drain. The automatic samplers were set to record water heights at 1-min intervals.
Flow-proportional composite samples were prepared from both the inlet and the outlet individual samples. Once the samples were collected from the automatic sampler, appropriate preservatives were added to selected bottles and then delivered to the chemical laboratory for analysis.
Pollutants Monitored
The TARP protocol indicates that test parameters should include, at minimum, TSS and suspended sediment concentration. Other parameters that support performance claims should be considered, including those listed in Appendix C of the TARP protocol [1] . Table 1 is taken from Appendix C of the TARP protocol and shows the pollutants monitored for the Filterra system, the method used for analysis and the minimum detection limit.
The TARP protocol indicates that laboratories used to perform stormwater sample analysis should be certified by a national or state agency regulating laboratory certification or accreditation programs. All samples were taken to the Gascoyne Division of Microbac Laboratories, Inc. in Baltimore, Maryland for analysis. The laboratory is accredited by both the American Association for Laboratory Accreditation and the New York State Department of Health employing the National Environmental Laboratory Accreditation Conference Standards for the analyses that were performed. • Total nitrogen Bacteria (Fecal coliform*) 1/100 mL Temperature effects * Fecal coliform samples cannot be taken by the automated samplers and must be taken by hand. Timing of the storm events and availability of the laboratory (due to short holding times for the samples) precluded taking bacteriological samples for this study.
DATA ANALYSIS
The Phase II TARP indicates that process efficiencies or removal rates should be determined from influent and effluent contaminant concentration and flow data to quantify the performance of the BMP technology. ASCE and USEPA have published a Technical Memorandum on determining removal efficiencies for stormwater BMPs [2] . This document should be used in determining BMP efficiencies. In summary, ˙Efficiencies can be calculated for four BMP categories: 1) BMPs with well defined inlets and outlets that depend on extended detention storage, 2) BMPs with well-defined inlets and outlets that do not depend on significant storage of water, 3) BMPs that do not have well-defined inlets and outlets, and 4) widely distributed BMPs that use reference watersheds to determine effectiveness.
˙Five methods are typically used to evaluate BMP efficiency: 1) efficiency ratio, 2) summation of loads, 3) regression of loads, 4) mean concentration, and 5) efficiency of individual storm loads. (Note that the efficiency ratio method is preferred. However, BMP efficiency also should be estimated, using the summation of loads method, where feasible.) ˙Data used to calculate efficiencies from the ASCE-USEPA database are influent/effluent data of two principal types: 1) EMC data (flow-weighted composite, weighted composite, and no flow or time weighting), and 2) discrete water samples (grab samples).
˙Process efficiencies or removal rates should be determined from influent and effluent contaminant concentration and flow data to quantify the performance of the technology. Where applicable, the effect of bypass flow on process efficiency and system performance should be quantified.
The following paragraphs present a discussion of the removal efficiencies of the Filterra system. These analyses follow the procedure recommended in the TARP procedure as well as by the USEPA report "Urban Stormwater BMP Performance Monitoring" [3] .
Efficiency Ratio
The efficiency ratio is defined in terms of the average EMC of pollutants over some time period:
EMCs can be either collected as flow weighted composite samples in the field or calculated from discrete measurements.
In addition, the log mean EMC can be calculated using the logarithmic transformation of each EMC. This transformation allows for normalization of the data for statistical purposes.
Mean of the log EMCs = m
Estimates of the arithmetic summary statistics of the population (mean, median, standard deviation, and coefficient of variation) should be based on their theoretical relationships with the mean and standard deviation of the transformed data. Computing the mean and standard deviation of log transforms of the sample EMC data and then converting them to an arithmetic estimate often obtains a better estimate of the mean of the population due to the more typical distributional characteristics of water quality data. This value will not match that produced by the simple arithmetic average of the data. Both provide an estimate of the population mean, but the approach utilizing the logtransformed data tends to provide a better estimator, as it has been shown in various investigations that pollutant, contaminant and constituent concentration levels have a log-normal distribution [4] . As the sample size increases, the two values converge.
When back transforming log-transformed concentration data, the following relationships were used:
Where M = arithmetic mean, S = arithmetic standard deviation, CV = arithmetic coefficient of variation, T = arithmetic median, U = mean of log-transformed data, and W = standard deviation of log-transformed data.
USEPA [3] recommends that under all circumstances this method should be supplemented with an appropriate non-parametric (or if applicable parametric) statistical test indicating if the differences in mean EMCs are statistically significant. The document notes that it is better to show the actual level of significance found, than just noting if the result was significant, assuming a 0.05 level.
Effluent Probability Method
The USEPA [3] procedure is known as the "Effluent Probability Method" and is described as:
"The most useful approach to quantifying BMP efficiency is to determine first if the BMP is providing treatment (that the influent and effluent mean EMCs are statistically different from one another) and then examine either a cumulative distribution function of influent and effluent quality or a standard parallel probability plot."
The most useful approach for examining these curves is to plot the results on a standard parallel probability plot. A normal probability plot is generated showing the log transform of both inflow and outflow EMCs for all storms for the BMP. If the log transformed data deviates significantly from normality, other transformations can be explored to determine if a better distributional fit exists. Probability plots should be supplemented with standard statistical tests that determine if the data are normally distributed.
RESULTS AND DISCUSSION
TARP Requirement for Data Representativeness
The TARP protocol sets forth several criteria to determine the representativeness of the study data set. These criteria are: 1. At least 50% of the total annual rainfall must be sampled, for a minimum of 380 mm of precipitation and at least 15, but preferably 20, storms. Storm events should be consecutive, where practicable. 2. One-year of water quality sampling is optimal to observe performance changes as a function of season. Collection of a representative number of water quality samples may take more than a year in some regions. 3. Some sampling must be done during adverse weather conditions; for example, during spring snowmelt and heavy rainfall, when runoff and contaminant transport is expected to be greater. Data quantifying process inputs and outputs should be collected for use in mass balances and cost analysis. 4. Monitored storm events should have more than 2.5 mm of total rainfall. 5. A minimum inter-event period of 6 h, where cessation of flow from the system begins the inter-event period. 6. Obtain flow-weighted composite samples covering a minimum of 70% of the total storm flow, including as much of the first 20% of the storm as possible.
A total of 16 storm events were monitored during the study period. All the TARP requirements listed above were met, except for No. 6, which was closely met.
Removal Efficiencies
Removal efficiencies for the pollutants tested by the Filterra unit were calculated by using the EMCs measured at the inlet and outlet locations. Table 2 presents the results of the analyses of TSS in the inlet and outlet waters for the 16 storm events sampled unit during the study period. Figure 3 presents a box plot of the removal efficiencies.
The Filterra unit demonstrated a removal efficiency TSS that ranged from -114% to a high of 93%, Table 3 presents a comparison of the effectiveness of stormwater filtering systems with the observed effectiveness of the Filterra system. This table shows that the Filterra system has a mean removal effectiveness for TSS and nitrogen similar to the removal effectiveness of surface sand filters, perimeter sand filters and bioretention systems. The median removal effectiveness of the Filterra system is somewhat less for TSS than is seen in other filtration systems, but the median removal effectiveness for nitrogen is similar to that seen in other filtration systems. Table 3 shows that the concentrations of pollutants in runoff from the James Lee Center parking lot are generally not inconsistent with the concentrations of pollutants in new suburban sites [as determined by the USEPA's National Urban Runoff Program (NURP) study] and with the concentration of pollutants found in other parking lots across the United States. The concentrations of TSS, TP and TKN found in the James Lee Center runoff were slightly less than those found in other parking lots and new suburban sites. TSS at the James Lee Center was 17% less than that found in other parking lots; TP concentration at the James Lee Center was 20% less than that found at new suburban NURP sites; TKN concentration at the James Lee Center was 3% less than that found at new suburban NURP sites.
Concentrations of metals in the runoff at the James Lee Center are somewhat less than the concentrations found in other studies. The average copper concentration at the James Lee Center was less than 0.012 mg L -1 . This is only 24% of the concentration found in other parking lots across the United States. The average zinc concentration at the James Lee Center was 0.07 mg L -1 . This concentration falls between the 0.037 mg L -1 found for new suburban NURP sites and the 0.139 mg L -1 found in other parking lots across the United States. No lead was detected in the runoff at the James Lee Center. This is well below the 0.018-0.028 mg L -1 found in the other studies.
Statistical Analysis
With respect to the statistical analysis of monitoring data, the TARP protocol requires that:
"The vendor must demonstrate that the data set is normally distributed prior to using normal parametric statistical analysis. Data sets that are not normally distributed will need to be evaluated using nonparametric statistical analysis and may require further analysis and review." [1] Monitoring data were first evaluated to determine whether or not a significant reduction in outlet concentration was observed. With the exception of total copper, all pollutants showed a significant reduction in concentration between the influent and effluent sample data.
Monitoring data were then evaluated to determine appropriate efficiency ratios. Raw data were first evaluated to determine if they were normally distributed. If so, the efficiency ratio was determined based on the EMCs of the influent and effluent samples. If the raw data were not normally distributed, the efficiency ratio was calculated using the EMCs. If the raw data were not normally distributed, a natural logarithmic transformation was made. The transformed data were analyzed to determine if they were normally distributed. If so, an efficiency ratio was calculated based on the back-transformed EMC.
Monitoring data for all pollutants except zinc were also censored to eliminate those samples that were not characteristic of the runoff or of the normal functioning of the Fliterra system. Efficiency ratios were calculated from the censored data using the same procedures as described above for the non-censored data.
Statistical hypothesis testing procedures were used to determine whether there is a statistically significant difference (at the 95% level) between the inlet and outlet EMCs. These tests were made using both the censored and uncensored data. In this case the non-parametric Wilcoxon signed-rank test for difference in medians was used the results show that for both the censored and uncensored data sets, there is a significant difference between the inlet and outlet EMCs. This suggests that the Filterra unit is providing minimum treatment of the stormwater runoff that enters the unit.
When the censored data are not normally distributed, a natural logarithmic transformation was applied in an attempt to normalize the data. In case the hypothesis of normally distributed transformed data cannot be rejected, a parametric test can be applied to determine whether or not there is a statistically significant difference in the EMCs. The parametric test used in this instance is the paired t-test for difference between means. Table 4 presents a summary of the efficiency ratios that were calculated using the non-censored and censored data.4. Effluent Probability Method for Determining BMP Efficiency
"The most useful approach to quantifying BMP The most useful approach for examining these curves is to plot the results on a standard parallel probability plot. A normal probability plot is generated showing the log transform of both inflow and outflow EMCs for all storms for the BMP. If the log transformed data deviates significantly from normality, other transformations can be explored to determine if a better distributional fit exists. Probability plots should be supplemented with standard statistical tests that determine if the data are normally distributed. Figure 4 shows the parallel probability plot of the uncensored, log-transformed TSS data. The logtransformed data are used since they are normally distributed. It can be seen that the Filterra system provides increased removal at mid-concentrations, and lesser removal at both high and low inlet concentrations. The effluent data clearly displays the 'irreducible' concentration, or in this case, the laboratory reporting limit concentration. Similar results were obtained for the censored TSS data. Figure 5 shows a graph of the TSS removal efficiency over the study period. With the possible exception of reduced efficiency in October of each year there is no apparent seasonality in the removal efficiency data. 
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